Purpose -The purpose of this paper is to investigate the heat resistance properties of silicone-acrylic hybrid system on cold rolled mild steel panel. Design/methodology/approach -The presence of SiZC bonds in hydroxyl functional solid phenyl-methyl silicone should be able to improve heat resistance properties of silicone-acrylic polyol coating. Different weight ratios of silicone resin and acrylic polyol resins were blended in order to obtain the composition for optimum thermal properties. Thermal stability of silicone based protective coatings has been investigated by means of potential time measurement (PTM) and electrochemical impedance spectroscopy (EIS) techniques. Findings -The blending of silicone intermediate resin with acrylic polyol resins. The coating consisting of 30 per cent silicone resin and 70 per cent acrylic resin showed significant improvement of heat resistivity compared to pure acrylic polyol resins on cold roll mild steel panels. This study demonstrates an interesting correlation between PTM and EIS studies.
Introduction
Admittedly, the reliability of metallic device structures is often reduced in a given environment by corrosion phenomena. The performance of coating in harsh corrosion conditions is directly related to the corrosion rate of a metal substrate, and responsible for the service life of metal materials. Previously, coating or metallic systems have been examined by corrosion techniques, which include salt spray, humidity, dew, exposure, immersion tests and other DC electrochemical methods (potential-time, DC resistance, polarization curves, etc.). These methods have several shortcomings such as time-consuming, high cost and poor controllability. Fortunately, the rapid development of electrochemistry theory and electronic technology gives an impetus to the progress of electrochemical methods such as electrochemical impedance spectroscopy (EIS).
EIS is an in situ, non-destructive, rapid and convenient technique useful for evaluating the corrosion performance of coated metals subjected to aqueous environment. EIS provides information about the system properties such as presence of defects, reactivity of the interface, adhesion, barrier to water and many other useful parameters (Bonora et al., 1996) . Data on various coating parameters is very useful for predicting effectiveness and longevity of anti-corrosive behavior of paints. The silicone coating shows a dip in potential between 15 and 25 days and this is due to the formation of unstable brownish layer, which is believed to be Fe 2 O 3 (Chew et al., 2000; Kendig and Leidheiser, 1976; Dhanalakshmi et al., 1997) . This unstable layer makes the potential to increase rapidly to 2420 mV on the 18th day and the potential decrease to 2 676 mVon the 23rd day. For common silicone coating, the potential decreased gradually and reaches the mild steel corrosion potential (2 692 mV) on the 30th day with respect to saturated calomel electrode (SCE). This shows that the corrosive ions reached the metal surface and started the corrosion process (Mathivanan and Radhakrishna, 1998; Selvaraj, 1997; Gowri and Balakrishnan, 1994; Selvaraj and Guruviah, 1987) .
In this present work, a novel material has been planned to formulate for higher heat and corrosion resistance by blending of silicone intermediate resin in acrylic resin. A hybrid organic-inorganic network formation which has high resistive power and possesses enhanced thermal and anti-corrosive properties expected to be achieved. Silicone, Germany) and acrylic polyol resin with 2.0% OH (A) (supplied by Synthesis Resin, Malaysia) value was used in this study. The silicone resin was blended with acrylic polyol resin in various ratios: (S-20 per cent A-80 per cent, S-30 per cent A-70 per cent, S-40 per cent A-60 per cent, S-50 per cent A-50 per cent, S-60 per cent A-40 per cent and S-70 per cent A-30 per cent). The silicone modified acrylic resin blends were applied by brushing onto the cold rolled mild steel panels sized 0.5 mm (thickness) £ 50.0 mm (width) £ 75.0 mm (length). These steel panels were obtained from steel industries (GT Stainless, Melaka, Malaysia) and the surfaces of the panels were sand-blasted with 60 grit aluminum oxide media at 414 kPa pressure. The thickness of the coatings have been maintained between 40 and 80 mm and determined using a digital Elcometer 456 (Elcometer Instruments Ltd, Manchester, UK) coating thickness gauge model. The coatings were cured under ambient condition of (29^1) 8C and relative humidity of 80 per cent prior to one week according to ASTM D1640. In this study, the EIS measurement has been performed on the samples, which have been heat-treated according to method B ASTM D2485. EIS measurement has been conducted in the frequency ranging between 42 Hz and 100 kHz. The Bode plot has been used to obtain the coating resistance (R c ) and coating capacitance (C c ) of the samples (Liu et al., 2009; Azuma et al., 2004; Dornbusch, 2008; Hamdy et al., 2006) .
Materials and methods
The electrode potential measurement (PTM) is an important criterion for the electrochemical corrosion study of metals. The changes in the electrode potential of the silicone-acrylic (SA) based coatings on mild steel panel immersed in 3 per cent NaCl were recorded using a digital multimeter. The SCE was used as the reference electrode. In this study, PTM has been conducted to substantiate the EIS results. Samples heated at 2008C and 2508C were immersed in the 3 per cent NaCl solution and the electrode potential was recorded as a function of immersion time. These temperatures were chosen in order to determine best blended coatings that can withstand temperatures above 2008C.
Results and discussion
Heat resistant test showed that the SA coating system will protect the surface up to 2008C and thereafter some cracking of the coatings could be observed on a visual examination. The variations of R c with immersion time for different ratios of SA systems for the two heated temperatures (2008C and 2508C) are illustrated in Tables I and II. R c values were plotted in Figures 1 and 3 whereas the coating capacitance C c values were plotted in Figures 2 and 4 . At a temperature of 2508C, a complete delamination and loss of adhesion of the organic coatings has been observed and the resin materials evaporated leaving a dark residue.
From Figure 1 , it can be observed that at 2008C, R c for the pure acrylic coating is in the order of 10 3 to 10 4 V. This indicates the electrolyte saline solution (3 per cent NaCl) slowly reached the cold rolled mild steel panel through the cracks that had developed during the heating process. Samples incorporated with 20 per cent silicone (S) in 80 per cent acrylic (A) as shown in Figure 1 depicts deterioration on the second day of immersion and this may be due to the presence of micro-cracks in the coating system when heated at 2008C. The A incorporated with 40 and 50 per cent of S had higher resistance on the first day of immersion. But R c value dropped to 10 4 V on the second day. 60 and 70 per cent of S compositions have the R c values in the range of 10 2 V on the first day of immersion as tabulated in Table I . The transport of electrolyte through the coating to the metal substrate and the formation of ionically conducting path will decrease the R c values and increase the C c values as observed in Figure 2 . Concentration of S in organic resin increases but delamination results when the samples are heated at higher temperature due to the high internal stress of the coating. When they were heated, these samples expand at different rates inducing higher internal stress that could lead to cracks and fracture of cross-linking structure.
The samples incorporated with 30 per cent S in 70 per cent A heated at temperature 2008C, as in Figure 1 shows that the R c values of the coatings resistant are of the order of 10 7 to 10 9 V even up to 30 days of immersion. The high resistance values indicate that the coating is very intact. Thus, incorporation of 30 per cent S in 70 per cent A will produce an excellent protective coating system at high temperature environment of 2008C.
When the samples are heated at 2508C as shown in Figure 3 , the value of R c fall below 10 5 V (tabulated in Table II ). The low resistance value of 10 5 V indicates that the coating now possesses inherent porosity and that a substantial amount of electrolyte has penetrated through the coating. When the resistance values fall in the region of 10 1 to 10 2 V probable "coating-deficient" areas were present in the coated steel substrate. These coating-deficient areas are sites of direct contact between the electrolyte and the steel substrate (Hernandex et al., 1999) . It has also been suggested that if the resistance of the coating decreases to the value of 10 3 V or below, the coating has been penetrated by the electrolyte. This shows that the electrolyte saline solution (3 per cent NaCl) has slowly but definitely reaches the mild steel panel through the pores thereby improving the charge transfer kinetics. These have been further supported by the increase in the coating capacitance (C c ) values as observed in Figure 4 ( Akbarinezhad et al., 2008) .
The reason for the above mentioned delamination could be due to internal stress and different thermal expansion coefficient. When there is a change in temperature, different thermal expansion coefficient of the substrate and coating materials will generate internal stress in the coating. This stress will be transferred to the coating/substrate interface. A good and fair coating system will accommodate relatively large dimensional changes resulting from thermal effects (Ameer et al., 2004; Mahdavian and Attar, 2006) . However, some coatings in specific conditions undergo accelerated degradation as result of temperature changes. This is observable by the loss of adhesion to the substrate and/or cracking of the coating.
Figures 5 and 6 shows PTM for SA coated mild steel specimens heated at 2008C and 2508C, dipped in 3 per cent NaCl solutions. The potential of the panel coated with pure acrylic resin reaches the corrosion potential of 2 650 mV just in four days whereas other samples took longer time. The corrosion potential (2 650 mV) is taken as the reference potential for an exposed mild steel coating (Kendig and Leidheiser, 1976) . This corrosion phenomenon has been observed in acrylic resin heated at 2008C and 2508C. This observation indicates that the resin sample has evaporated from the panel as a result of heating at 2008C. When a sample's potential reaches corrosion potential 2650 mV, development of corrosion on the coating/metal substrate will result (Kendig and Leidheiser, 1976; Hernandex et al., 1999) . This result has been supported by the EIS study of the pure acrylic resins where the R c value have decreased in the order of 10 3 to 10 4 V shown as shown in Tables I and II Figure 5 shows a similar trend in reaching the corrosion potential. The potential drops to corrosion potential of 2 650 mV after ten days of immersion. This indicates that the penetration of electrolyte into the coating metal interface is taking place and this will lead to pore and corrosion products. Sample with silicone concentration greater than 30 per cent shows a potential drop after four to six days of immersion. This clearly indicates that the coating delaminate by heating the sample at 2008C. The transport of ions into the coating resulted and formation of corrosion enhanced. For samples with 30 per cent of S in 70 per cent A, the coating potential reaches the corrosion potential 2 650 mV after 14-15 day of immersion. Within this test period, the coating film protected the metal substrates. This strongly supports the EIS observation. Figure 6 shows the variation of PTM with immersion time for acrylic resin incorporated with silicone resin heated at 2508C. For samples heated at 2508C, almost all the sample shows the same trend of delamination. The entire sample with different ratios of silicone tends to corrode within 2-4 days of immersion. This indicates that the protective nature of the coating diminishes (Mathivanan et al., 1996) . Corrosion processes have occurred and corrosion products observed at the film surface. This results support strongly the result obtained in EIS.
Sample with 20 and 30 per cent S in A after being heated at 2008C according to the ASTM 2285 methodology gives the best potential-time measurement since they are able to withstand corrosion protection for a longer time. Upon heating to 2508C only the coating with 30 per cent S shows good corrosion protection. Samples blended with other percentages of silicone; do not show good corrosion protection ability.
Conclusions
EIS and potential-time measurement results illustrate wide information regarding the coating system that is studied. The acrylic resin coating will undergo degradation when the sample is heated at 2008C. When acrylic is blended with silicone, enormous and excellent barrier properties are observed. Sample with 30 per cent silicone in 70 per cent acrylic resin can withstand temperatures of up to 2008C without undergoing any delamination. When these systems are heated at 2508C, cracks will form and loss of adhesion will result. This implies that network density increases until an optimal value is reached. It is thought that under those conditions, the cross-linking is homogenous.
